The design of an indirect heating source for the treatment of malignant brain tumors is presented. A high Q resonant tank working at 25 kHz generates a magnetic field of 16,000 ampere-turn/meter (peak) which is used to heat metallic implants by a combination of hysteresis and induced current heating. The resonant tank is used in a feedback loop of the power driver to maintain the driver at the resonant frequency, thus minimizing the power losses that inevitably occur in open loop systems due to reference oscillator drifts and/or varying load and tank conditions. Because of the high field strengths required and the relatively small power dissipation that occurs in the metallic implants, the overall system design differs substantially from standard induction heating applications.
INTRODUCTION
This paper discusses the development of a special purpose high magnetic field rf energy source for the treatment of malignant brain tumors. The biomedical background will be briefly reviewed to help clarify the special requirements and constraints of th system.
It is well established that reduced body temperature (hypothermia) lowers the metabolic rate in body tissues and organ systems. In cases where accessible tumors exist they have been experimentally treated by a method which involves hypothermia of the surrounding healthy tissues while the tumor is either held at normal body temperature (normothermia) or at an elevated temperature relative to the normal body temoerature (hyperthermia). ,2 If the malignant tissue is subjected to applications of a toxic chemotherapeutic agent (antimetabolite), the healthy tissue will be protected from the effects of the antimetabolite by its lower metabolic rate, the cancerous tissue being attacked in a normal way.
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The application of this hypo-hyperthermic technique to the treatment of brain tumors is being explored in these laboratories (RGS and SKW). Since direct hyperthermia of a deep-seated tumor is difficult, a method involving the magnetic hysteresis and induced current heating by an external oscillating magnetic field of small stereotaxically implanted metal pieces is being studied. In conjunction with moderate total body hypothermia, this results in the establishment of a temperature gradient between the volume of brain in the immediate vicinity of the implants and the surrounding brain tissue. The magnitude of this gradient depends upon the mass of metal implanted and the intensity of the magnetic field. Present experiments involving live squirrel monkeys with small (10 mm x 1.6 mm) low carbon steel implants have produced temperature gradients of 5C/mm in a reproducible fashion. A sharp fall-off in temperature 2-3 mm from the implanted metal has been noted, thereby facilitating control of the area to be heated.
Having created a sufficient temperature differential, indirect access by chemotherapeutic agents to the brain tumor can be achieved by perfusion into the brain's vascular system. As mentioned, the healthy tissues are protected from the antimetabolite by their lower metabolic rate. The addition of a technique of total circulatory arrest during hypothermia would increase the effectiveness of the above methods by allowing greater temperature differentials and reduced diluting effect of the toxic agent by normal blood flow in the brain. 4 The previous work was carried out with a 5.5 cm (2.75 this basically inefficient ('-1%) system. In the limit as the tank series impedance goes to zero, there would be unlimited tank current and an infinite field with zero input power. This idealization serves to define the engineering approach: design a high Q air core inductor-capacitor resonant tank to obtain a high field strength to input power ratio.
Tank requirements
The requirements for the tank are: a) Physical size-The coil diameter must be 0.15 m to accommodate the range of baboon head sizes, and must be sufficiently long so that a uniform field will be generated throughout a large enough volume. If the length is set to be 0.15 m also, a field will be set up which does not fall more than 10% below its axial value in a volume of about 0.3 liter near the center of the coil. The additional field uniformity which would be obtained by a Helrnholtz coil arrangement would not justify the lower efficiency in this application. b) To avoid any heating of normal tissue which would offset the hypothermia and yet maintain sufficient induced heating of the metallic particles, 25 kHz was chosen as a compromise for these experiments. Furthermore, at this frequency a larger percentage of the heating effect will be due to magnetic domain motion (hysteresis heating) in the implant material. This is desirable because the amount of hysteresis heating is dependent only on the quantity of metal and not on the size and orientation of the implants geometry in the field as is the case with induced current heating. As the field frequencies approach the megahertz range, induced current heating predominates in the metallic implants and normal tissue heating becomes significant. c) Field strength-Preliminary work has shown that a field strength of 16,000 At/m is needed to create the required temperature gradient.
Tank components
For power driver matching requirements discussed below, the parallel tank arrangement, rather than the series tank, was chosen. The tank is illustrated in Figure 1 . Relationships between the tank parameters are given by the following equations: 1
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3 Power Driver
The power driver must be capable of delivering kW to the resonant tank. With a tank Q of 105 input requirements of the tank will change rapidly with deviations from the resonant frequency. For example, a 0.5% deviation will cut the magnitude of the input impedance by 1/2. However, if the tank is used in a feedback loop of the power driver, changes in the resonant frequency due to varying load and/or tank conditions will be compensated. Such is not the case in standard induction heating devices where, because of extremely low Q, the load appears resistive over a large range of frequency. Consequently, these systems can be driven by reference oscillators with no feedback from the work coil itself.
Driver design
The input impedance at the tap point of the resonant tank will be purely resistive only at the resonant frequency. If the power driver is a trans-conductance amplifier (i.e. characterized by the equation/out gVin where lou is the output current, Vin is the input voltage, and g is the transconductance of the amplifier), see Figure 4 , then the output voltage when driving the resonant tank, will be in phase with the input voltage only at the resonant frequency. If the output voltage is fed back to the noninverting input via a zero phase shift scaling circuit then we have an oscillator whose frequency is the frequency of the tank. In Figure 4 , resistors The total output into 2.5 2 is +28 A (peak)and +70 V (peak) at 25 kHz.
In the three phase power supply ( Figure 6) The system just presented uses the same input power to produce a similar field over a crossectional area of 178 cm 2 This represents an increase in flux production efficiency of 7.44 times. Greater electrical efficiency could have been obtained by using super conducting coils, but the cost efficiency of such an arrangement would be very much less and the overall system complexity and size would be greatly increased.
